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Effect of Surface Roughness on Unseparated Shock-Wave/
Turbulent Boundary-Layer Interactions
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The effect of surface roughness and step changes of surface roughness on an unseparated incipient shock-
wave/turbulent boundary-layer interaction has been studied using complementary experimental and theoretical
investigations. It was found that step changes in surface roughness lead to nonequilibrium boundary layers dis-
playing different characteristics in the near-wall and far-wall regions. Both theory and experiment con� rmed that
the dominant effect of roughness, even in con� gurations featuring step changes of surface properties, is a change
of boundary-layer displacement thickness and that the upstream in� uence of the interaction scales very well with
the roughness modi� ed incoming displacement thickness in all cases. The theory also identi� ed small additional
roughness effects, particularly for con� gurations featuring a smooth/rough wall transition ahead of the interaction.

Nomenclature
B = roughness-dependent constant in Eq. (1)
C f = skin-friction coef� cient
Cp;is = pressure coef� cient at incipient separation
C1 , C2 = constants de� ned following Eq. (5)
H = boundary-layershape factor, ±¤=µ¤

h = roughness height
lu = upstream in� uence distance
M = Mach number
N = power law exponent
T = temperature
U = velocity in x direction
U¿ = skin-frictionvelocity, (¿w=½W /1=2

U C = U in law of the wall variables, U=U¿

W = Cole’s wake function
x = streamwise coordinate
y = vertical coordinate
yC = law of the wall coordinate, y U¿ =ºW

¯ =
p

.M2
e ¡ 1/

± = boundary-layer thickness
±¤ = displacement thickness
´ = integration variable
µ¤ = momentum thickness
· = law of the wall constant
º = kinematic viscosity
½ = density
¿ = shear stress

Subscripts

e = boundary-layeredge conditions
i = inner deck
LSL = laminar sublayer
R = rough surface conditions

Received 18 August 2000; revision received 5 November 2001; accepted
for publication 15 February 2002. Copyright c° 2002 by the American In-
stitute of Aeronautics and Astronautics, Inc. All rights reserved. Copies of
this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0001-1452/02
$10.00 in correspondence with the CCC.

¤Senior Lecturer in Aerodynamics, Engineering Department, Trumping-
ton Street. Member AIAA.

†Professor, Aerospace Engineering and Engineering Mechanics. Asso-
ciate Fellow AIAA.

S = smooth surface conditions
w = wall conditions
0 = upstream conditions
1 = freestream conditions

Introduction

I N many supersonic � ows of practical importance, the interac-
tion of a shock wave with a boundary layer plays a critical role.

Shock wave/boundary layer interactions (SWBIs) not only signi� -
cantly in� uence local features, but they can also strongly affect the
global � ow by causing separation or by changing boundary-layer
characteristics for a large distance downstream. Although this phe-
nomenon has been researched widely for many decades, the effect
of surface roughness has been the subject of relatively few studies.
However, the effects of roughness are signi� cant in many practi-
cal applications, especially at large Reynolds numbers where the
length scales within the boundary layer are particularlysmall. Such
roughness effects would be associated, for example, with the mesh
of porous wall sections for boundary-layer control by suction, or
with overall distributed surface grittiness.

The effect of surface roughness placed underneath a hypersonic
compressioncorner was investigatedby Disimile and Scaggs,1 who
found that roughness was capable of signi� cantly enlarging � ow
separationin cases where the equivalentsmooth wall � ow appeared
to be attached. Similar results are reported by Holden2 and Inger3

for a variety of supersonic and hypersonic � ow con� gurations, thus
emphasizingthat roughnesscan signi� cantly alter the characterof a
shock/boundary-layerinteraction. In contrast, a study by Babinsky
and Edwards,4 which investigatedthe in� uenceof a regionof rough-
ness upstream of an interaction, found that, although the effects of
roughness on the boundary layer pro� le persisted far downstream,
the shock/boundary-layerinteraction itself was only marginally af-
fected. It is thought that triple-deck theory can provide insight into
the physicalmechanismsof rough wall shock/boundary-layerinter-
actions and lead to an understanding of roughness effects. A � rst
combined theoretical and experimental investigation into this prob-
lem by Inger and Gendt5 has identi� ed some of the signi� cant fac-
tors; however, in its nature, this was only a pilot study and further,
more detailed, measurements are needed. More recently, Babinsky
et al.6 presented an initial experimental/theoreticalstudy into rough
wall interactions with particular emphasis on cases where the up-
stream boundary layer was subject to step changes in roughness
(rough to smooth and smooth to rough). The work presented here is
a continuationof this study.
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Fig. 1 Experimental con� guration.

To study the effects of surface roughness on a shock/boundary-
layer interaction, the incipient shock con� guration seen in Fig. 1
was chosen. In particular, the length of the interaction on the sur-
face is examined because it is an easily quanti� ed feature that is
thought to be sensitive to changes in the interaction physics. Pre-
vious research on such impinging shock interactions by Déléry7

has shown that, for a given shape factor of the oncoming boundary
layer, surface pressure distributions collapse for a large variety of
shock strengths and Reynolds numbers when scaled with incoming
boundary-layer thickness. He concluded that the most important
parameters governing interaction length are boundary-layer shape
factor and thickness.

The effect of roughness, or blowing and suction, is, there-
fore, understood to change the interaction through its effects on
the boundary-layer pro� le entering the interaction region. Be-
causeroughnessand blowing increaseboundary-layerthicknessand
shape factor, a subsequentincrease in interactionlength is expected.
An investigation by Squire and Smith8 has shown this to be essen-
tially correctforboundarylayersmodi� edbyblowing.Furthermore,
these authors could not � nd any scaling between interaction length
and incomingboundary-layerthicknessand suggestedusing the dis-
tance of the sonic line from the wall downstream of the interaction
as a scaling parameter.Somewhat surprisingly,their study also indi-
cated that the shockstrengthrequiredfor incipientseparationwas in-
dependent of the level of blowing. One possible explanationfor this
behavioris that an increasedboundary-layerthicknessautomatically
leads to an increased smearing of the shock-induced pressure rise,
which in turn makes separationless likely. On the other hand, blow-
ing (or roughness) also changesthe shape and fullnessof the incom-
ingboundarylayer that is workingtowardanearlierseparationonset.

The aim of the current research is to perform a similar study
on the effects of roughness and in particular include the in� uence
of surface changes between rough and smooth at locations close
to the interaction. Boundary layers in the vicinity of such changes
are believed to be perturbed from equilibrium, and this may supply
some insight toward the correct scalingquantities.In parallel, triple-
deck theory is used to suggest scaling laws based on a theoretical
derivation. It is also hoped that this study may help to understand
the importanceof both thicknessand shape changes in an incoming
boundarylayeron thephysicsofa shock/boundary-layerinteraction.

Theoretical Analysis
Our theoreticalstudy particularlyfocuseson small (h=± ¿ 1) dis-

tributed subboundary-layer roughness of the classical sand grain
type that falls under the law of the wall/law of the wake framework.
Such roughnesswhen existing upstream of the SBLI zone will alter
both the thickness and the shape of the incoming boundary-layer
pro� le on which the subsequent interaction depends. Furthermore
the presence of roughness in the SBLI zone itself will affect the
triple-deck structure of the interaction disturbance � eld, especially
its inner layer; indeed, at higher Reynolds numbers even moderate
roughness may obliterate the inner deck altogether.

Incoming Boundary Layer
Within the law of the wall/law of the wake concept adopted here,

the incoming velocity pro� le is described by the well-known ex-
pression (e.g., White9)

U C
0 .yC/ ´

£
U0.yC/

¯
U¿

¤
D B C .1=·/ yC C .1=·/W .y=±0/ (1)

Here, U 2
¿ ´ ¿w=½w , W is Cole’s wake function, and B contains

the roughness-induced downward shift of the inner logarithmic
region that depends on the nondimensional roughness parameter

hC ´U¿ h=ºw as given in the literature.9 For the purposes of the
present study at moderate Mach numbers, it is assumed suf� cient to
base properties on wall values instead of using a more complicated
compressibility transformationversion of Eq. (1).

In accordancewith this model, the main physicaleffectsof rough-
ness fall into threeregimes.The � rst regime is the so-calledhydrauli-
cally smooth regime, h · yLSL.hC · 7–12), where the roughness is
buried within the laminar (linear) sublayer and so has no sensible
effect on the � ow. The second regime is an intermediate, above-
critical regime 7 · hC · 70, in which the roughness begins to have
discernible effects on the � ow in that it shifts U C.yC/ downward,
thickens the boundary layer, and introduces a drag increase that
reduces the velocity in the physical U .y/ pro� le. This is shown
schematically in Fig. 2. The last-mentioned feature can be approx-
imately modeled by the well-known power law expression

U=Ue ¼ .y=±/N (2)

where N ¼ 1
7 for smooth surfaces but ¼ 1

5
– 1

4 for rough ones. The
third regime is the fully rough case hC > 70 (but h < ±), where the
turbulent stirring effect of roughness is so big that it obliterates all
vestiges of the laminar sublayer and imposes its own scale on the
law of the wall region. For this regime, it is known that B takes
the limiting value B ¼ BR.hC/ ¡ 1=· hC and, hence, produces the
viscosity independent law of the wall pro� le:

U C D BR C .1=·/ .y=h/ C .¼=·/W (3)

where BR D 8–9 depends on the roughness geometry and density.
Because of its database, Eq. (3) applies only above the maximum
roughness crests.

Interaction Region
A second element of our theoretical approach is the triple-deck

concept for the disturbance � ow structure in the SBLI zone; a
schematic of this is given in Fig. 3 for a smooth wall. This is used
as the foundation for a theory of how roughness affects the inter-
action physics. The present theory addresses the fully rough case,

Intermediate roughness regime 11 <– h CC <– 70

Fully rough regime h CC > 70

Fig. 2 Physical effects of roughness on the incoming turbulent bound-
ary layer (h/± < 1): schematic.
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Fig. 3 Triple-deck model of shock/boundary-layer interaction.

which by analogywith its aforementionedeffect on the laminar sub-
layer would be expected to also wipe out the inner portion of the
interactive triple-deck structure.

The analysis consists of an extension of a very successful triple-
deckperturbationtheory10 originallydevelopedfor smoothsurfaces,
which accounts for nonvanishing eddy viscosity and slip velocity
near the wall when roughness is present in the SBLI zone (Fig. 3).
When purely supersonic external � ow and nonseparating incident
shockstrengthsare assumed, the resultingFourier transformmethod
inviscid disturbance� ow analysis for the rotationalmiddle deck for
arbitrary incoming boundary-layer pro� les (now including possi-
ble upstream roughness) yields the upstream (x < 0) pressure rise
p0 ¼ 1p exp.¡x=lu/, where 1p is the incident shock strength and
lu is the characteristicupstream in� uence distance given by11

¯
lu

±0
¼ M 2

e

Z 1

yi =±0

µ
1 ¡ M2

0 .´/

M2
0 .´/

¶
d´ C

³
¯

Me

´2 Z 1

yi =±0

M2
0 .´/ d´ (4)

The lower limit yi is the effective displacement thickness of the
underlying inner deck, which for SBLI zone roughness higher than
the inner deck (often the case in practice) should be replaced by the
average sand-grain roughness height h with a nonzero slip Mach
number M0.yi / D M0.h/. In what follows,we focuson the upstream
in� uence property because it is an important experimental feature
of the interactive pressure distribution.

Equation (4) indicates that the upstream in� uence derives from
two sources: 1) a Reynolds number-independentcontribution from
the pro� le shape across the middle deck and 2) a Reynolds number-
dependent contribution from the region adjacent to the wall. Nu-
merically, both contributionshave been shown3 to be of order unity,
consistent with the experimental observation that lu ¼ ±0 for turbu-
lent interactions.12 The general relationship [Eq. (4)] may now be
developed into a more revealing predictionby breaking the integra-
tion range down into an inner law of the wall range hC · yC · 250
(for example) where the wake component of Eq. (1) is negligi-
ble and an outer defect range 250· yC · U¿ ±0=ºw and U C

0 ¸ 19
where a power law Mach number pro� le M0 ¼ Me.y=±0/N akin to
Eq. (2) is a reasonable approximation. Then when Eq. (1) in the
form yC D exp.¡· B/ exp.·U C

0 / is used and the speed of sound is
basedon wall conditionswhen evaluatingthe dominant inner law of
the wall contributions,Eq. (4) can be shown to yield the following
closed-form result:

¯
lu

±¤
0

¼ C1

µ
e· B

U C
0w

C C2

¶
C 4.1 C N /

1 ¡ 4N 2

µ
1 ¡ 1 ¡ 2N

2
M 2

e

¶
C

yi

±¤
0

(5)

where

C1 ´ ·eW .1/
p

Te=Tw

.1 C ¼/.C f =2/
3
2 exp

£
·
p

2.Te=Tw /=C f

¤

C2 ´
h
exp

¡
·U C

0

¢¯
U C2

0

i

U C
0 D 19

have been derived using the law of the wall/wake relationships9

U¿ ±0=ºw D exp[·Ue=U¿ ¡ · B ¡ W .1/]

±¤
0 =± D .N=1 C N / ¼ .1 C ¼/U¿ =·Ue

U¿ =Ue D
p

.TW =Te/.C f =2/

Note that we have rescaled lu in terms of ±¤
0 instead of ±0; the

reason for this will appear shortly. Also note that the dominant
constant C1 in Eq. (5) is virtually independent of the boundary-
layer thickness (whether rough or smooth wall) and changes only
slightlywith roughnesseffect on C f because the separate effects on
the C3=2

f and exponential terms in C1 are opposite and nearly cancel
out.

In applying Eq. (5), we may now distinguishthree different cases
of roughness placement. In the case of completely smooth surface
throughout, Eq. (5) yields

³
¯

lu

±¤
0

´

S

¼ C1;S

µ
e· BS

U C
0w

¡
yC

i

¢ C C2

¶

C 4.1 C NS/

1 ¡ 4N 2
S

µ
1 ¡ 1 ¡ 2NS

2
M2

e

¶
(6)

The last term in Eq. (5) has been dropped as negligible compared
to the C1 term, and the value of yi is the inner-deck thickness given
by the turbulent interaction theory of Inger10 with U C

0;w
¼ yC

i;w ´
U¿ yi=ºw for yC

i · 7, and U C
0;w

¼ BS C 2:5 yC
i otherwise.

In the second case, where the upstream region is smooth but a
patch of fully rough, inner deck-destroyingroughness occupies the
SBLI region, we have instead that yi ¼ h with the laminar sublayer
term /e· B=U C

0;w dropped in Eq. (5) resulting in the prediction that

³
¯

lu

±¤
0

´

rough SBLI
zone only

¼ C1;SC2 C 4.1 C NS/

1 ¡ 4N 2
S

µ
1 ¡ 1 ¡ 2NS

2
M 2

e

¶
C

h

±¤
0;S

(7)

where the last term here is a minor contribution. The SBLI zone
here is effectively a double-decked rotational inviscid � ow with a
slip velocity at the bottom.

Finally in the third case of a fully roughened surface through-
out, where the incoming boundary layer is also in� uenced by the
roughness,we get

³
¯

lu

±¤
0

´

R

¼ C1;RC2 C 4.1 C NR /

1 ¡ 4N 2
R

µ
1 ¡ 1 ¡ 2NR

2
M2

e

¶
C

h

±¤
0;R

(8)

When it is kept in mind that h=±¤
0 ¿ 1, that C1 is virtually inde-

pendentof boundary-layerthicknessand only weakly dependenton
roughness(see foregoingtext), and that N is related to the incoming
boundary layer shape factor H by N ¼ .H ¡ 1/=2, comparison of
these three results [Eqs. (6–8)] yields some important predictions
for the upstream region of nonseparating interactions.

First, the dominant effect of roughness is simply its effect on the
incomingboundary-layerdisplacementthickness:When lu is scaled
with respect to the appropriate ±¤

0 , the residual effects of roughness
are rather small. This is in fact strikingly con� rmed by the present
experiments, as will be shown. The idea of scaling streamwise dis-
tancewith displacementthicknesswas � rst suggestedby Gadd (e.g.,
see Gadd et al.13 ) for smoothwall surfaces.Here, this idea is derived
theoretically,and it is predicted to be also valid for rough surfaces.

Second, the shape of the incoming boundary-layer pro� le, as
regards the presenceof upstream roughness,has only a minor effect
on the upstream in� uence.

Third, the direct effect of the roughness height itself on lu is
a rather weak one. Note, however, that this does not hold in the
immediate vicinity and downstream of the shock front.
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The foregoingcan be carriedfurther into an estimateof the rough-
ness effect on incipient separation as well. From a Chapman-type
order of magnitude analysis of the turbulent interaction problem, it
can be shown that the interactionpressure coef� cient needed to � rst
produce C f ¼ 0 locally in the SBLI zone is of the order

C p;is ¼
µ

¯
lu

±0

¶¡1

D
[¯lu=±¤

0 ]¡1

±¤
0=±0

¼
[¯lu=±¤

0 ]¡1

p
C f;0

(9)

where C f;0 is the undisturbed skin friction upstream.
Because we have just shown that the numerator of Eq. (9) is vir-

tually independentof roughness,Eq. (9) predicts that the increased
skin friction would correspondingly reduce Cp;is and, thus, hasten
the onset of separation.

Experimental Setup
Figure 1 shows the experimental arrangement. The high-speed

wind tunnel of the Department of Engineering at Cambridge Uni-
versity is � tted with half-liners to allow a turbulent boundary layer
to grow along the working section � oor (width, of 0.11 m) at a � ow
Mach number of 2.5. The reservoir total pressure is 370 kPa and
the Reynolds number per unit meter is in the range of 40 £ 106. The
smooth surface boundary-layerthickness is of the order of 6 mm at
the interactionlocation.A full-spanwedge placedat variable angles
onto the ceiling of the wind tunnel generates an oblique shock wave
impinging on the � oor boundary layer. The wedge is of suf� cient
length to prevent the trailing-edge expansion fan from in� uencing
the interaction. The wedge angles used were 6 and 7 deg, giving
shockstrengthsjust below incipientseparation.Three typesof sand-
grain roughness were investigated,P1200, P400, and P150, having
roughnessheights of hC D 4:3, 9:9, and 28:2, respectively(based on
smooth wall boundary-layer parameters). For the Mach number of
the presentexperiments(M1 D 2:5), the two smaller roughnesseslie
below the sonic line of the smooth wall boundary layer, whereas the
peak dimension of the largest is comparable to the smooth surface
sonic height.

As shown in Fig. 4, roughness elements were placed in a variety
of locations along the surface to examine the effects of roughness,
underneaththe interactionas well as upstream, and sudden changes
of surfaceproperties.Casesarenumberedfrom0 (no roughness) to 7
(roughness throughout) in order of increasing amount of roughness
upstream of the interaction location.

Surface pressures were measured using pressure tappings along
the centerlineof the � oor 3.8 mm apart in a streamwisedirection.All
results are presented in a streamwise co-ordinate system, x , which
has its origin at the inviscid shock re� ection point. Boundary-layer
pitot pro� les were obtainedusing a � at-headpitot tube attached to a
traverse mechanism. Total pressure was recorded using a pitot tube
in the settling chamber.

Experimental Accuracy
Surface and pitot pressures were measured with fast-response

pressure transducers, and the experimental error of these measure-
ments is of the order of §1% of the local value. The accuracy of
the traverse gear used in the determination of boundary-layer pro-
� les was better than 0.1 mm (1% of ±). However, when velocity
pro� les are evaluated from pitot pressure measurements in com-
pressible � ow, a number of assumptions are commonly made and,
particularlynear the surface, probe interferenceeffects are likely to
introduceuncertaintiesin the � nal data. Although it is not generally

Fig. 4 Distribution of roughness; dimensions in millimeters.

possible to quantify these errors, it is thought that velocity infor-
mation is likely to suffer from uncertaintiesof the order of §5% in
the outer regions and §10% in the inner regions (y < 1 mm) of the
boundary layers.

Streamwise distanceis measuredrelativeto the inviscidshock im-
pingement location; the determinationof which (from the schlieren
photographs) in itself is subject to uncertainties.The error in stream-
wise location is, therefore, of the order of §1 mm.

Data are also presented where streamwise location is scaled by
upstream boundary-layer displacement thickness. These data are
subject to a combination of uncertainties (such as the determina-
tion of displacement thickness from boundary-layer pro� les). An
analysis of boundary-layer displacement thickness measurements
suggests that the maximum error is of the order of 0.2 mm on rough
surfaces.For the larger roughnesses(P400 and P150) this is equiva-
lent to 3–6% of ±¤, although the error incurred for the small rough-
ness experiments (P1200) can be as much as 9% of ±¤. Therefore,
the total uncertainty in the determination of scaled distance from
the inviscid shock location can be as much as 20% for the smallest
roughness (P1200) and small distances from the shock (x=±¤ · 1).
For most data points, however, this error is of the order of 5%.

The oblique shock wave also interacts with the boundary layers
growingalong the side walls of the workingsection. In all cases, this
interaction was not strong enough to cause separation. Surface oil-
� ow visualization was performed to examine the � oor interaction.
This indicated that the region of two dimensionality extended for
more than 50% of the span of the working section in all cases.

Results and Discussion
Before studying the interaction itself, boundary-layer velocity

pro� les were obtained at x D 0 for a � ow without an incident shock
wave, that is, no wedge present. Figure 5 shows the boundary-
layer velocity pro� les for the smooth wall and all roughness types,
where roughnessextendedthroughouttheworkingsection(case 7 in
Fig. 4). It can be seen that increasing roughness results in thickened
boundary layers and less full pro� les. The incompressible shape
factors ranged from HI D 1:30 (smooth wall) to HI D 1:50 (P150).

Figure 6 shows a comparison of schlieren pictures obtained for
an interaction on a smooth surface and on the wall � tted with the
largest roughness. It can be seen that the rough wall boundary layer
is signi� cantly thicker and that the rough wall interaction occupies
a much larger streamwise distance. However, apart from the length
scale, there appears to be no fundamentaldifference in the nature of
the interactionitself.The effect of surfaceroughnesson the pressure
distribution through the interaction is shown in Figs. 7 and 8. It can
be seen that for both shock strengths surface roughness leads to
a signi� cant increase in upstream in� uence and interaction length.
The largest roughness(P150) has the most severeeffect, but even for
the small roughness(P1200), the in� uencecanbe seenclearly.There
is a small kink in the surfacepressuredistributionsfor P1200 at both
shock strengths,which might suggest a small separation.However,
this feature is independentof the shockstrengthand does not appear
in the cases with larger roughness (which would be expected to
be more likely to separate) and, therefore, it is thought that this

Fig. 5 Boundary-layer pro� les upstream of interaction for various
roughnesses.
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Smooth surface

Rough surface throughout (P150)

Fig. 6 Schlieren photographs of interaction.

Fig. 7 Surface pressure distribution for 6-deg wedge angle.

Fig. 8 Surface pressure distribution for 7-deg wedge angle.

kink is due to a � ow nonuniformity at this location (caused by a
wave re� ected from the wind-tunnel ceiling originating from an
insuf� ciently smoothed wall joint). Schlieren pictures and surface
oil-� ow visualizationsdid not suggest any signi� cant separations.

As discussed earlier, previous research7 suggests that upstream
in� uencescaleswith boundary-layerthicknessand shapefactor.Be-
cause the experimental determination of boundary-layer thickness
is dif� cult and prone to errors, it would be more useful to use the
displacementthicknessas the scaling parameter. In fact, becausethe
ratio of boundary layer to displacement thickness is also a function
of shape factor, the in� uence of HI on upstream in� uence is almost
completely contained in the change of ±¤ alone. Furthermore, the
theoretical investigation also suggests that displacement thickness
may serve as a suitablescalingfactor.This is demonstratedclearlyin

Fig. 9 Surface pressure distributions for both wedge angles (stream-
wise distance scaled with ± ¤ ).

Fig. 9, which shows all previous surface pressure distributionsafter
scaling the streamwise coordinate with displacement thickness. It
can be seen that, within experimental accuracy, all curves collapse
in the upstream part of the interaction regardless of wedge angle or
roughness height.

This is somewhat surprising because previous research has of-
ten indicated a very strong change of interaction length with in-
coming boundary-layer shape factor. Although the range of shape
factors here is somewhat limited, signi� cant differences in inter-
action physics would still be expected. However, the interaction
studied here is not thought to feature any separation,whereas those
authors1;2 who observed a strong in� uence of HI studied mainly
separated interactions.Therefore, it appears that shape factor is not
a signi� cant factor in attached interactions, whereas it has a large
in� uenceonce separationoccurs. This might also explainwhy some
authors4;8 have noted that differences in oncoming boundary-layer
pro� le shape had relatively little in� uence on incipient separation.

However, a very close examination of Fig. 9 reveals that data
recorded on a rough surface for the stronger shock setup (7-deg
wedge angle) exhibit a slightly increased upstream in� uence. Be-
cause the data shown in Fig. 9 are subject to experimentaluncertain-
ties, � rst in the determination of the unscaled pressure distribution
but more important in the accuracy of the evaluation of displace-
ment thickness, this degree of variation in the perceived upstream
in� uence is within experimental error. However, because it is only
7-deg wedge angle data that consistently show a slightly increased
upstream in� uence, it might suggest that there is a degree of sep-
aration. This might indeed suggest that roughness does promote a
somewhat earlier onset of separation. (The smooth wall data for
7 deg do not show increased upstream in� uence.)

Rough and Smooth Surface Mixed Cases
Figures 10–12 show the boundary-layer pro� les obtained at the

interaction location (but without the incident shock present) for all
rough/smooth wall cases presented in Fig. 4. It can be seen that the
presenceof roughnesscan changethe velocitypro� les considerably,
that the largest roughnessheight (P150) has the most signi� cant ef-
fect, and that the smallest roughness (P1200) hardly changes the
pro� les. Nevertheless, all three roughness heights exhibit a similar
pattern, with the mixed cases (cases 1–6) generating velocity pro-
� les that lie in between the smooth wall (case 0) and the roughness-
throughout(case 7) con� gurations.Furthermore, it can be seen that
wherever a mostly smooth surface is followed by a short stretch of
roughness (cases 1–3) the near-wall portion of the boundary layer
is affectedand that the velocitydistribution in this portion is similar
to that seen in the roughness-throughout con� guration,whereas the
outer portions of the velocity pro� les remain similar to the undis-
turbed smooth wall pro� le.

On the other hand, in cases where a rough surface is followed
by a short stretch of smooth wall (cases 4–6), the opposite effect
can be observed. The near-wall boundary layer resembles a smooth
wall pro� le, whereas the outer part of the boundary layer is similar
to the fully rough velocity pro� le. In all cases, it is the extent of the
rough/smooth surface immediately upstream of the measurement
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Fig. 10 Upstream boundary-layer pro� les for various rough/smooth
combinations: smallest roughness height (P1200).

Fig. 11 Upstream boundary-layer pro� les for various rough/smooth
combinations: medium roughness height (P400).

Fig. 12 Upstream boundary-layer pro� les for various rough/smooth
combinations: large roughness height (P150).

location that determines how far into the boundary layer the effect
of the surface property has extended.

Whereas the magnitude of the changes caused to the velocity
pro� les depend on the roughness height (the P150 roughness has a
much more signi� cant effect than the P1200 surface), the principal
features of the mixed-case boundary-layerpro� les are very similar
for all three roughness heights. Depending on the combination of
rough/smooth surface, it is, therefore,possible to study a rough wall
interaction with an incoming boundary-layer pro� le that re� ects
mainly smooth wall behaviourand vice versa.Because of limitation
in space and the earlier noted possibility of separation in some of
the stronger shock experiments, only the 6-deg wedge angle data
are presented here.

Figure 13 shows the surface pressure distribution for the largest
roughnessheight(P150)andall combinationsof smooth/roughwall.
Note that the interactionlength is stronglyeffectedby the changesin
surfacepropertiesand that all mixed cases (cases1–6) lie in between

Fig. 13 Surface pressure distributions for large roughness (P150);
6-deg wedge angle.

Fig. 14 Surface pressure distribution (scaled with ± ¤ ), large roughness
(P150); 6-deg wedge angle.

Fig. 15 Surface pressure distribution (scaled with ± ¤ ), medium rough-
ness (P400); 6-deg wedge angle.

the smooth (case 0) and completely rough (case 7) distributions.A
similar behavior was observed for all other roughness heights. A
number of high- and low-pressure regions upstream of the interac-
tion can be seen in some of the traces of Fig. 13. These are due to
waves generated by the sudden change in surface properties.

Figures 14–16 show the surface pressure distributions for the
all combinations of smooth/rough surface and all three roughness
heights,where the streamwise distancehas been scaled with incom-
ing boundary-layer displacement thickness. As for the data pre-
sented in Fig. 9, it can be seen that the upstream in� uence scaled
with ±¤ is very similar for all cases.

However, it can also be seen that some particular combinations
of rough/smooth surface (cases 1–3) consistently exhibit an in-
creased upstream in� uence regardless of roughness height (except
for P1200, where only the case 3 data show this behavior). The data
recorded for the smallest roughness height are likely to be subject
to the largest inaccuracies,and it is, therefore, thought to be unwise
to read too much into the results presented in Fig. 16. Therefore,
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Fig. 16 Surface pressure distribution (scaled with ± ¤ ), small roughness
(P1200); 6-deg wedge angle.

it appears as if all con� gurations where a relatively short stretch of
rough surface is located more or less in the interaction region itself
feature slightly increased upstream in� uence, whereas con� gura-
tions where the surface underneath the interaction is smooth (but
there has been roughness farther upstream) show the same interac-
tion behavior (when scaled with ±¤/ as completely smooth/rough
surfaces. This suggests, in accordance with the conclusions drawn
from theory, that there is a residual effect of roughness beyond the
changesto boundary-layerthicknessand shape.However, this effect
is small, and in none of the cases shown here (or for the stronger
7-deg wedge angle) has this been suf� cient to cause any obvious
signs of separation.

Conclusions
A nominally unseparated incipient shock-wave/turbulent

boundary-layer interaction has been investigated on a variety of
surfaces with step changes in surface roughness upstream of the
interaction. Three roughness heights, ranging from hydraulically
smooth to intermediate,were investigated.

In parallel,a theoreticalinvestigationbasedon law of the wall/law
of the wake and triple-deck theory ideas was conducted to study
the effect of surface properties on an unseparated shock/turbulent
boundary-layer interaction .

Where roughness was present throughout the working section,
it was found that, even for roughness heights in the hydraulically
smooth regime, incoming boundary layers were thicker and slightly
less full than smooth wall pro� les. Where step changes of surface
roughnesswere present,boundary-layerpro� les exhibiteddistinctly
different characteristicsin the near-wall and far-wall regions. It was
found that a change in the surface properties � rst affected the near-
wall boundary layer, while leaving the outer portion more or less
undisturbed,and that it took considerabledownstream distance be-
fore all of a boundary-layer pro� le was affected. This allowed the
investigation of shock/boundary-layer interactions with mixed in-
coming velocity pro� les, that is, with smooth wall characteristics
in the near-wall region and rough wall characteristics in the outer
region (after a transition from rough to smooth surface) and vice
versa.

The theoretical investigation suggested that the main effect of
surface roughness on a shock/turbulent boundary-layer interaction
is capturedby the change in incoming boundary-layerdisplacement
thickness and that upstream interaction length should, therefore,
scale with displacement thickness. Theory also identi� ed a resid-
ual roughness effect but predicted this to be small. Experiments
con� rmed this prediction, and it was found that in all cases, includ-
ing mixed surface properties, upstream distance of the interaction

scaled well with incoming boundary-layer displacement thickness
(to within 30%). If cases with a smooth to rough step change in sur-
face properties are excluded, then all pressure distributions scaled
with ±¤ to within experimental accuracy.

It is suggested that mixed cases are subject to nonequilibriumef-
fects in the boundary layer. Although the theoretical considerations
appear to work well even in these cases, it is clear that, particularly
for smooth to rough transitions,more thoroughanalysis is needed to
capture these effects.A useful strategywould combine a triple-deck
analysis in the SWBL interaction zone with a preceding two-layer-
type theory of post roughness-jumprelaxation.

Theoretical considerationsalso suggestedan in� uence of surface
roughnesson incipient separation.Within the experimental investi-
gationpresentedhere, no consistentevidenceof this has been found.
This may be due to the limited height of roughness available.

In this program, experimental and theoretical research was car-
ried out simultaneously,and each element of the study was used to
in� uenceand aid the other. It is thought that such a strategy is a very
powerful tool for the investigationof complex interaction physics.
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